Cerebellar motor learning is suggested to be caused by long-term plasticity of excitatory parallel fiber-Purkinje cell (PF-PC) synapses associated with changes in the number of synaptic AMPA-type glutamate receptors (AMPARs). However, whether the AMPARs decrease or increase in individual PF-PC synapses occurs in physiological motor learning and accounts for memory that lasts over days remains elusive. We combined quantitative SDS-digested freeze-fracture replica labeling for AMPAR and physical dissector electron microscopy with a simple model of cerebellar motor learning, adaptation of horizontal optokinetic response (HOKR) in mouse. After 1-h training of HOKR, short-term adaptation (STA) was accompanied with transient decrease in AMPARs by 28% in target PF-PC synapses. STA was well correlated with AMPAR decrease in individual animals and both STA and AMPAR decrease recovered to basal levels within 24 h. Surprisingly, long-term adaptation (LTA) after five consecutive daily trainings of 1-h HOKR did not alter the number of AMPARs in PF-PC synapses but caused gradual and persistent synapse elimination by 45%, with corresponding PC spine loss by the fifth training day. Furthermore, recovery of LTA after 2 wk was well correlated with increase of PF-PC synapses to the control level. Our findings indicate that the AMPARs decrease in PF-PC synapses and the elimination of these synapses are in vivo engrams in short-and long-term motor learning, respectively, showing a unique type of synaptic plasticity that may contribute to memory consolidation.
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long-term depression | high-voltage electron microscope | Golgi staining I mage stabilization in the visual field via the vestibulo-ocular reflex and optokinetic response requires accurate extraocular muscle synergies that rely on long-term plastic calibrations in the cerebellar flocculus (FL) and its downstream target vestibular nuclei (VN) (1) (2) (3) (4) (5) (6) (7) (8) . Long-term depression (LTD) in parallel fiber-Purkinje cell (PF-PC) synapses has been postulated as a possible mechanism for this plastic calibration based on many lines of mutant mice that lack both LTD and learning (9) (10) (11) (12) . However, LTD's role in motor learning has been recently questioned by a few mutant mice lines (13) and mice with pharmacological treatments (14) that showed lack of LTD but no impairment of learning. Furthermore, long-term potentiation in PF-PC synapses has been also shown to be involved in the motor learning (15) . Recent evidence indicates that various forms of synaptic plasticity works synergistically and can compensate each other when one is missing in cerebellar motor learning (16) . Despite the apparently contradictory results, no direct evidence for the decrease or increase of synaptic AMPA receptors (AMPARs) has been shown in physiological motor learning. To elucidate in vivo neuronal substrates for motor learning in wildtype mouse, we examined individual PF-PC synapses using quantitative SDS-digested freeze-fracture replica labeling (SDS-FRL) (17) combined with morphometric EM analysis after adaptation of horizontal optokinetic response (HOKR). HOKR is a simple model of cerebellar motor learning and the FL, which is a phylogenetically preserved cerebellar lobule, is involved in the adaptation of HOKR (4, 18) . We found that LTD as a form of AMPARs decrease does occur in PF-PC synapses after 1-h training of HOKR. However, LTD lasted less than 24 h, and instead we discovered a drastic elimination of these synapses, which gradually emerged over 5 d of HOKR training. These results indicate distinct engrams in the cerebellum for short-term and long-term memory in motor learning.
Results
Decrease of AMPAR Number After Short-Term Adaptation of HOKR. We used 1-h HOKR training (Fig. S1 ), performed for five consecutive Significance Long-term depression (LTD) of parallel fiber (PF) to Purkinje cell (PC) synapses has been postulated to cause cerebellar motor learning and extensively studied using in vitro preparations. However, there has been no in vivo evidence showing its occurrence after physiological learning, and much controversy on its role has persisted. We demonstrate that LTD as a form of AMPA receptor decrease does occur in PF-PC synapses after adaptation of horizontal optokinetic response. However, it lasted less than a day and was followed by elimination of these synapses. Our findings indicate distinct in vivo engrams for short-term and longterm memory in cerebellar motor learning, and open new mechanistic investigations of how the short-term memory is stabilized through structural reorganization of synaptic connections.
days, to induce short-term (STA) and long-term adaptation (LTA). The 5-d HOKR training resulted in varied time courses of gain changes in individual animals (Fig. 1B) . Some mice developed both STA and LTA, others showed only STA or did not learn at all over the 5 d. However, at population level (n = 8 mice), significant but transient daily HOKR gain increases after 1-h training (STA) and gradual but stable increase over 5 d of gain before the daily training (LTA) were observed ( Fig. 1 A and  C) . First, we measured the density of synaptic AMPARs using SDS-FRL in PF-PC synapses (19) identified with labeling for a mature PF-PC synapse marker, the GluD2 receptor subunit (Fig. 2 A and B) (20) . Mice that developed STA on day (D) 1 showed a decrease (Fig. 2C ) (Mann-Whitney U test, P < 0.001) and left-shifted distribution (Fig. 2D ) (Kolmogorov-Smirnov test, P = 0.002) of synaptic AMPAR densities in the FL but not the adjacent paraflocculus (PFL) (Fig. 2 E and F) , which is not involved in HOKR adaptation (1, 21) . Pooled data revealed significantly decreased (by 28%) mean density of synaptic AMPARs in the FL (Fig. 2G ) (Student t test, P = 0.036 vs. D1 pre) but not the PFL (Fig. 2G ) after STA on day 1. To confirm that the density changes reflect an altered number of receptors in the target PF-PC synapses, we measured the length of postsynaptic density (PSD) (Fig. 3A) and found no changes throughout our experiments. Although previous studies have suggested that GluD2 is closely related to cerebellar motor learning (11), we did not detect changes in GluD2 density in the FL (Fig. 2G ) after STA. AMPAR reductions varied among individual animals but were well correlated with STA ( Fig. 2H ) (Pearson test, R = 0.667, P = 0.002). Furthermore, the AMPAR decrease was not observed after 24 h (Fig. 2I ) (P > 0.05, D2 pre vs. D1 post). These results support the idea that LTD caused by the AMPAR decrease in PF-PC synapses is an engram in shortterm motor learning in vivo. Decreases in the FL AMPAR density were also observed on day 3 after STA ( Fig. 2I ) (Student t test, P = 0.01). Interestingly, we could not detect AMPAR decrease after STA on day 5 (Fig. 2I ) (P > 0.05, D5 post vs. D5 pre), which suggests that once LTA is established further STA may be mediated by other mechanisms involving the VN (2, 3) or other regions. Surprisingly, the FL AMPAR densities on day 5 did not differ from that on day 1 pre (Fig. 2I ) (D1 pre vs. D5 pre, P = 0.33; D1 pre vs. D5 post, P = 0.29), indicating that AMPAR decrease does not account for LTA.
Elimination of PF-PC Synapses After LTA of HOKR. The net excitatory input to PCs depends not only on the number of postsynaptic AMPARs in individual synapses but also on the number of PF-PC synapses within the target region. Thus, we next analyzed the PF-PC synapse density using the physical dissector method (Fig.  S2 ) and the volume of molecular layer (ML) using serial sections (see Fig. S4 ) in the FL. The density of the PF-PC synapses did not change after 1-h training on day 1 in either the FL or PFL. However, it was significantly reduced by 33% in the FL but not PFL by day 5 (Fig. 3B) (P < 0.05). The reduction ratios were similar among the superficial, middle, and deep parts of the ML (Fig. S3) . A slight but significant decrease in the volume of ML of the FL was also observed on day 5 (P = 0.047) ( Fig. 3C and Fig. S4 ). Taking this shrinkage (−18%) into account, the net reduction in PF-PC synapses was about 45%. To further examine the correlation between LTA and the elimination of PF-PC synapses, we measured changes in HOKR gain and synapse density 14 d after the establishment of LTA (Fig. 3D ). After the animals were kept in normal light-dark cycles without training for 14 d, both HOKR gain and PF-PC synapse density in the FL were not significantly different from the basal levels ( Fig. 3D , dashed lines). Taken together, these results suggest that the reduction of PF-PC synapses is a reversible structural engram in the LTA of HOKR.
HOKR Adaptation Selectively Involves the Middle FL. It has been demonstrated that PCs in the middle FL (zone 2) along the rostro-caudal axis respond to horizontal movements of the visual field (8, 22 ) and project to the medial VN (22) , which innervates motor nuclei for horizontal eye movement (8) . Thus, we restricted our sample selection to the middle one-third (along the medio-lateral axis) of the middle FL (Fig. 3E , sections 30-50 of the middle FL). To examine the extent of regions involved in the adaptation of HOKR, we mapped the synapse density in the FL from untrained mice and trained mice on day 5 (Fig. 3 E-G). We found a prominent reduction in synapse density in the middle but not rostral (zone 3) or caudal (zone 1) FL of trained mice, consistent with the results of functional mapping of PCs involved in the horizontal eye movements (22) .
LTA Involves Most PCs Within the Target Region.
There is a one-toone relationship between PF-PC synapses and PC spines (23) . Such an arrangement predicts that the synapse elimination in LTA is accompanied by a corresponding PC spine elimination and enables us to examine if most PCs are involved or only a subpopulation of PCs lose more than 33% of synapses. Therefore, we counted the number of spines along individual Golgi-impregnated PC dendritic segments in 3D stereo images from the FL and PFL (Fig. 4A and Movie S1). PC dendrites were densely packed with spines in the untrained control animals (∼six spines per micrometer of dendritic segment). PC dendrites in the FL but not PFL obtained from LTA mice were covered with significantly less spines (23% reduction, P < 0.01) (Fig. 4B) than those in the untrained mice. The similar coefficient of variances between the untrained (0.15) and trained FL (0.17) indicated that majority of PCs examined were involved in the spine loss. 
Discussion
In this study, we found that the decrease of AMPARs in PF-PC synapses and elimination of these synapses are in vivo engrams in short-and long-term motor learning, respectively. Previous in vitro studies have shown decreases in synaptic AMPAR responses in slice preparations but no structural changes after LTD induction in cultured PCs (24) . Other in vivo studies demonstrated PF-PC synaptogenesis induced by learning a complex acrobatic motor skill (25) or PF-PC elimination by eyeblink conditioning (26) . In the vestibular ocular reflex (VOR), which shares common output pathways with HOKR (1, 4), gaindecrease but not gain-increase adaptation was improved by estradiol treatment, which also increased PF-PC synapse density (27) . In the present study, HOKR gain decrease during the recovery period was accompanied with the increase of synapse density. These results suggest bidirectional and task-dependent structural modifications in cerebellar motor learning.
Despite growing controversies over the role of cerebellar LTD in motor learning (13, 16) , we found that the number of synaptic AMPARs does decrease in PF-PC synapses during short-term motor learning, supporting its contribution to motor learning. However, mutant mice with blocked AMPAR internalization showed no deficits in VOR gain-increase and gain-decrease learning despite the lack of LTD (13) . The absence of LTD might be compensated by feed-forward inhibition from the ML inhibitory interneurons to PCs (28) . Other contributors including long-term potentiation of PF-PC synapses might be also relevant for VOR gain increase and gain decrease (15) . Additionally, many types of synaptic and intrinsic plasticity in the cerebellar cortex and its target nuclei have been suggested to contribute synergistically to motor learning in the last decade (6, 16). The robust reduction in PF-PC synaptic connections found in our study adds an alternative view to the current integrated multiplasticity model, which includes the transfer of memory traces from the cerebellar cortex to the VN for consolidation (3) . The rapid receptor reduction may account for the decreased PC output that drives short-term motor learning. The reduction in PF-PC synapses observed in the LTA phase may play a permissive role to maintain the synaptic plasticity of the VN by persistently reducing PC outputs. Thus, our results suggest that an extensive capacity of the cerebellar cortex with dynamic structural reorganization of synaptic connections underlies longterm memory.
Materials and Methods
Animals. Adult (3-mo-old) male C56BL/6j mice were used in all experiments of the present study. Animal experiments were approved by the animal experiment committee of the National Institute for Physiological Sciences (Okazaki, Japan). All efforts were made to minimize animal suffering and reduce the number of animals used.
Behavioral Experiment. Mice were implanted with a 15-mm-long bolt on the skull with a synthetic resin under isoflurane anesthesia and allowed to recover at least for 24 h. The mouse was mounted on the turntable surrounded by a checked-pattern screen with the head fixed via the bolt, and its body was loosely restrained in a plastic cylinder. The frontal view of the right eye, under the illumination of infrared (wavelength, 860 nm) LED, was captured using a vertically positioned CCD camera (SSC-M350; Sony) and displayed on a 12-inch TV monitor (magnification, 55×). The area of the pupil was determined from the difference in brightness between the pupil and the iris. The real-time position of the eye was measured by calculating the central position of the left and right margins of the pupil at 50 Hz using a position-analyzing system (C-1170; Hamamatsu Photonics) and stored on a personal computer. HOKR was evoked with sinusoidal screen oscillation at 15°and 0.17 Hz (maximum screen velocity, 7.9°per second) in the light, and its gain was defined as the averaged amplitudes of eye movements vs. those of screen oscillation (3). STA was induced by training mice by 1 h of sustained screen oscillation, and LTA by training mice with 1 h of daily sustained screen oscillation successively for up to 5 d. Except for training sessions, mice were kept in dark during LTA. After 5-d LTA, some mice were reared under normal light conditions (12-h light/dark) for 2 wk to extinct LTA. 
mice showed significant reduction of synaptic density (using corresponding nine adjacent values in two groups, paired t test, P < 0.001) throughout the medio-lateral extent of the middle but not rostral and caudal FL. Area used for the physical dissector analysis (light blue) showed a prominent reduction in synapse density at D5 compared with control. Data were presented as mean ± SEM, *P < 0.05, **P < 0.01, vs. D1 pre, Student t test.
SDS-FRL. SDS-FRL was performed with some modifications to the original method described by Fujimoto (29) and was used in our previous study (19) . Briefly, under sodium pentobarbital (60 mg/kg) anesthesia, mice were perfused through the ascending aorta with 0.5% paraformaldehyde in 0.1 M sodium phosphate buffer (PB). Cerebella (including the FL and PFL) were cut into 120-μm-thick sections with a Microslicer (Dosaka) and cryoprotected with 30% (wt/vol) glycerol in PBS for 12-16 h. The regions including both the FL and PFL were trimmed out, frozen with a high-pressure freezing machine (HPM 010; Bal-Tec) and fractured according to a double-replica method in a freeze-etching system (BAF 060; Bal-Tec). The fractured faces were replicated by carbon (5 nm) with an electron beam gun from overhead and shadowed by platinum/carbon positioned at a 25°angle with rotating (2.5 nm) or at a 45°angle (2 nm) unidirectionally, followed by carbon (20 nm) applied from overhead. The pieces of replica were transferred to 2.5% (wt/vol) SDS containing 0.0625 M Tris and 10% (wt/vol) glycerol, pH 6.8. SDS treatment was performed for 15 min at 105°C with autoclaving. After the treatment with SDS, replicas were washed with three changes of 0.1% BSA in Tris-buffered saline (TBS) and blocked for 1 h, with two changes of 5% (wt/vol) BSA in TBS. The replicas were then reacted with primary antibodies at room temperature for 1 h, followed by 4°C for 36-48 h. Double-labeling were performed by using polyclonal rabbit antibody (pan-AMPAR Ab, 3 μg/mL) (30) and polyclonal guinea pig antibody (GluD2 Ab, 0.55 μg/mL). Both antibodies were raised against their specific extraplasmic (E-face) antigen sites. The replicas were then washed three times with 0.1% BSA in TBS, blocked two times with 5% (wt/vol) BSA in TBS for 30 min, and incubated for 1 h at room temperature, followed by 12-16 h at 4°C or for 2-3 h at 35°C with the secondary antibodies (1:20 dilution) for goat anti-guinea pig IgG coupled to 15-nm gold particles (GE Healthcare) for GluD2 and goat anti-rabbit IgG coupled to 5-nm gold particles (British Biocell International) for pan-AMPARs in 5% (wt/vol) BSA/ TBS. To avoid reciprocal interaction, replicas were first reacted with pan-AMPAR antibody and its secondary antibody followed by incubation in the GluD2 antibody and its secondary antibody. For quantification of GluD2, single-labeling of GluD2 with 5-nm gold particles was used. After immunogold labeling, the replicas were immediately rinsed three times with 0.1% BSA/TBS, washed twice with distilled water, and picked up onto grids coated with pioloform (Agar Scientific).
Quantification of AMPAR and GluD2 Density. Replicas were observed under a Tecnai 12 electron microscope (FEI) and photographed to obtain prints at a magnification of 125,000-213,000×. Immunogold particles were counted in excitatory postsynaptic areas indicated by clusters of intramembrane particles (31, 32) . Particles within 30 nm from the edge of synaptic sites were included in the analysis because they can be distant from the epitope (33) . The outline of synaptic sites was demarcated free hand along the edge of densely packed intramembrane particles at a distance of <15 nm from each other (Fig. 2 A and B, blue) (34) , and their areas were measured with Scion Image software (Scion). The density of receptors was then defined by the particles per size of the postsynaptic area.
Measurement of Length and Density of Target PF-PC Synapses and Volume of ML. Under sodium pentobarbital (60 mg/kg) anesthesia, mice were perfused through the ascending aorta with 4% (wt/vol) paraformaldehyde, 15% (vol/vol) saturated picric acid, and 0.05% glutaraldehyde in 0.1 M PB. Brains were removed and postfixed in same fixative for overnight at 4°C, and cut into 50-μm-thick coronal sections on a vibratome (VT 1000S, Leica). Sections containing the whole PFL and FL were mounted on the glass slides and Nissl-stained with Cresyl violet to calculate the volume of the ML. To measure the length and density of target PF-PC synapses, sections were treated with 1% osmium tetroxide, dehydrated, and flat-embedded in epoxy resin (Durcupan ACM, Fluka, Sigma-Aldrich). After being polymerized in a 60°C oven, blocks were trimmed. A single pair of serial ultrathin sections was cut (Reichert Ultracut S, Leica) at the thickness of 70 nm, collected on piolofrom-coated single-slot grids (Agar Scientific), contrasted by uranyl acetate and lead citrate, and photographed using a JEOL 1200EX electron microscope (JEOL). All analyses were performed in a double-blinded way on electron micrographs. Synapses were defined for the purpose of quantification by the presence of an active zone with clear presynaptic membrane, a postsynaptic membrane with clear PSD, a synaptic cleft, and at least three transmitter vesicles within the presynaptic elements. The size of the synapse was indicated by the measured length of PSD. To obtain a complementary measure of PF-PC synaptic number, unbiased for possible changes in synaptic size, the physical dissector technique (35) was used. The target PF-PC synapses present in the look-up but not adjacent sections were counted. The total number of synapses was summed for at least 40 pairs of electron micrographs and divided by the total volume for each animal as synapse density. To investigate difference in the PF-PC synapse densities along the whole depth of the ML, superficial, middle, or deep regions of the ML of the FL or PFL were analyzed (Fig. S2) . For mapping analysis of synaptic density in the FL, we counted the number of PF-PC synapses in single sections (mean area = 330 μm 2 ) taken from the superficial part of ML along medio-lateral extent of the FL in the middle of rostrocaudal extent. Nine adjacent values shifting from sections 1-9 to 82-90 were used to calculate mean values representing synapse density at the middle positions (each fifth section) in the nine sections.
Spine Density Analysis.
To quantitatively analyze the spine density, a rapid Golgi impregnation method was adopted as described previously (36) with some modifications. Under sodium pentobarbital (60 mg/kg) anesthesia, mice were perfused through the ascending aorta with 4% (wt/vol) paraformaldehyde in 0.1 M Millonig's buffer (pH 7.4). The cerebella were dissected and coronal 2-to 3-mm slabs were stored in the same fixative overnight at 4°C. After washing with 0.1 M cacodylate buffer, the slabs were immersed in a mixture of 2.25% (wt/vol) potassium dichromate and 0.4% osmium tetroxide for 4 d at 20°C in darkness, and stored in 0.75% silver nitrate solution for 3 d at 20°C in the dark. After gradual dehydration in alcohol, the tissues were transferred into propylene oxide and embedded in an Epon mixture. Coronol 100-μm sections were made with a vibratome (VT 1000S, Leica) and then reembedded on glass slides. Five-micrometer sections were made with a ReichertJung Ultracut E ultramicrotome (Leica Microsystems), mounted on 75 mesh double-copper grids, and observed under the Hitachi H-1250M high-voltage EM (Hitachi). Pictures were taken under a magnification of 3,000× and at the angles of −8°, 0°, or 8°tilting, respectively. To reconstruct representative 3D movie for each group, serial pictures of an isolated dendritic segment at 3,000× magnification were taken at 2°stepwise tilting, starting from −60°and ending at 60°. Spines along the distal dendritic segment were counted by a blinded experimenter on the stereo image produced by a pair of 8°-tilted pictures. Spine density was calculated by dividing the number of spines by the length of that segment and was expressed as the number of spines per micrometer (Fig.  4B ). Seventeen to 56 distal dendritic segments of PCs were randomly selected from the FL or PFL of four individual mice per group.
Quantitative Analysis and Statistics. All of the measurements on pictures were done using a calibration grid (Ted Pella). Scion Image software (Scion) was used to measure synaptic area defined with clusters of intramembrane particle in replica (Fig. 2) , the length of target PF-PC synapses (Fig. 3A) , the length of PC dendritic segments (Fig. 4B) , the area of region of interest for synaptic density counting, and the volume of the ML (Fig. 3C) . All data were presented as mean ± SEM. A Student t test was used to compare the difference in HOKR gain, synaptic receptor density, length, and density of synapses, density of spine, and volume of the ML. A Pearson test was used to check the correlation between changes in synaptic AMPA receptor density and HOKR gain. A Kolmogorov-Smirnov test was used to check the distribution of densities of synaptic AMPA receptors. For all of the statistical analyses, P < 0.05 was considered significant.
